Abstract-Here, we demonstrate the use of a micro light emitting diode (LED) array as a powerful tool for complex spatiotemporal control of photosensitized neurons. The array can generate arbitrary, 2-D, excitation patterns with millisecond and micrometer resolution. In particular, we describe an active matrix control address system to allow simultaneous control of 256 individual micro LEDs. We present the system optically integrated into a microscope environment and patch clamp electrophysiology. The results show that the emitters have sufficient radiance at the required wavelength to stimulate neurons expressing channelrhodopsin-2 (ChR2).
I. INTRODUCTION
T HE RECENT emergence of optogenetic neural stimulation techniques [1] - [3] has been revolutionizing the fields of electrophysiology and prosthetics. In this method, neurons are genetically modified to express light-sensitive ion channels, such as Channelrhodopsin-2 (ChR2) [4] , [5] . This enables a previously unattainable level of precise spatiotemporal control over neural activity [6] . Significantly, it is possible to use the technique to inhibit as well as stimulate. Furthermore, specific neural cells and circuits can be genetically targeted to express ion channels of different chromatic sensitivity [7] . This level of control allows for the investigation of neurons and neural networks in ways not previously possible, and opens up possibilities for novel clinical applications, such as retinal prosthesis [8] . ChR2 is a nonselective light-sensitive cation channel with an action-spectrum peak at around 460 nm [4] . It has been successfully expressed in many neuron types and its operation has been shown both in vitro [9] and in vivo [10] , [11] , including primates [12] .
The main challenge with optogenetic neural stimulation is the relatively high light requirement for stimulation, typically between 0.1 mW/mm and 1 mW/mm irradiance [25] . This is much higher than can be provided by most standard spatial light modulation technologies, such as liquid-crystal displays. There is therefore great scope for the co-development of complementary optoelectronic stimulator technology. We first demonstrated the use of gallium-nitride microLED arrays for stimulation of optically sensitized neurons in 2008 [1] . ChR2 has a peak sensitivity at 473 nm. In this blue-green region of the visible spectrum, gallium-nitride (GaN) LEDs are uniquely able to provide sufficient irradiance to stimulate photosensitized neurons.
More recently, we demonstrated how they could be scaled to arrays of 64 64 microLEDs for optical neural stimulation [13] and translated toward retinal prosthesis [8] . These micro-sized LEDs have fast temporal resolutions. The results of time-resolved electrical luminescence (EL) measurement have shown that the turn-on and turn-off times are less than 1 ns [14] . This is much faster than the s-ms temporal response required for neural stimulation. Typically, two forms of stimulation have previously been carried out. Longer pulses (e.g., 500 ms) result in action potential firing rates as a function of the light radiance on the neuron. Alternatively, short pulses (1-10 ms) can be used to govern the firing of individual action potentials. This latter method has the advantage of recreating nonuniform, natural firing patterns. Using these schemes, frequencies up to 40 Hz have been achieved (higher frequencies can be achieved at a better expression rate).
The passive matrix microLED arrays previously described have advantages in ease of design and fabrication. Addressing by row column allows individual lines to be enabled with a unique pattern. Multiple rows can be accessed simultaneously, but this results in crosstalk (i.e., the same column pattern will address across all of the rows). Therefore, the usual method of addressing is to raster scan between rows at high speed. Since the temporal resolution of the micro LEDs is in the nanosecond region, and the neurons are in the millisecond region, this scheme can potentially scale to megapixel resolutions.
However, rastering over many rows results in a reduction of the apparent brightness by a factor equal to the number of rows rastered. For example, a 100 100 pixel array leads to a reduction in intensity by a factor of 100 if scanning is performed over the entire array. Furthermore, if the intensity is to be varied, it would be done by modulating the amount of time the LED is on (i.e., by changing the pulsewidth). This type of brightness control is impractical with raster scanning since it would require very high scanning speeds. These issues pose serious challenges to the scalability of high resolution micro-LED-based neural stimulators based on passive matrix control. In this paper, we propose a new individually addressable micro-LED array for optogenetic neural stimulation that presents an active matrix advancement on passive control. We have characterized the optoelectronic capabilities of our new device. In addition, we demonstrate its capability to control the spiking behavior of retinal ganglion cell neurons expressing ChR2.
II. INDIVIDUALLY ADDRESSABLE MICRO-LED ARRAY

A. Design and Fabrication
The new device comprises a 16 16 array of 25-m-diameter micro-emitters with a center-to-center pitch of 150 m. Each emitter has a separate anode connection. Notionally, only one shared cathode contact is needed; however, there are 32 common n-contacts to improve current spreading.
It was fabricated by the Tyndall Institute, Ireland, by processing GaN on a sapphire LED wafer. The wafer structure as well as the processing steps are similar to that previously described by Poher et al. [1] . The GaN wafer is a multilayer structure comprising a thin p-GaN layer (doped with acceptor ions), a period 3 InGaN/GaN Multi-Quantum Well layer (used to tune the wavelength of the emitted light), and an n-GaN layer. Unlike the matrix addressed device, columns of isolated rectangular mesa are not needed. An individual micro-LED emitter is formed by etching down to the n-GaN layer. The anode contacts are formed by using a thick, highly reflective multilayer metal contact to reduce the series resistance. The cathodes of the LEDs are commonly formed by metal contacts to the n-GaN layer. The resulting 8.3 mm die has been packaged in a 281-pin ceramic pin grid array (PGA) package using flip-chip bonding so that light is emitted through the sapphire substrate [ Fig. 1(a) ].
B. Control System
The device is controlled using an electronic circuit, including a PIC ® 18f4550 microcontroller from Microchip Technology, Inc. A schematic of the circuit is shown in Fig. 1(b) . Embedded software on the microcontroller controls 32 TB62710 (Toshiba) constant current sources, each with eight channels to give a total of 256 constant current sources. Each of the 256 micro-LED emitters is driven by a separate constant current source channel connected to the anode. The emitter drive current is regulated by using an external potentiometer connected to the current sources. The microcontroller also has a 10-b pulsewidth-modulation (PWM) control that can also be used to control the brightness of the display. User commands and data are passed from a computer to the microcontroller via a universal-serial-bus (USB) interface. Patterns to be displayed by the array can be readily generated on the computer and sent to the board via a Matlab graphical interface. The use of the driver circuit, shown in Fig. 1 (c), is illustrated in Fig. 1(d) with the letters "I," "B," and "E" displayed on the micro-LED array in turn. It can be seen from these images that not all emitters on the prototype device were functional. Some contacts appear to have open-circuit faults, where no LED lights up when a drive voltage is applied. In addition, there is crosstalk between some LEDs, most probably due to shorts formed between flip-chip bump bonds during the packaging process. In total, 65% of emitters were operating correctly.
C. Electrical and Optical Characterization
A test mount was constructed by using a zero insertion force (ZIF) socket for measurement of the current/voltage (IV) characterization and the corresponding output light power. We used a Keithley 2602 source meter to inject current or drive voltage as needed. A Newport 1918-C optical power meter connected to a 818-UV silicon (Si) photodetector (both from Newport Corp.) was used to measure the emitted light power. The photodetector was placed directly on the chip with minimal ambient light to enable measurement of output light power in the nW-W range.
The switch-on voltage of the micro-LED emitter is around 3 V. However, as with the matrix addressed device, it needs to be driven by a significantly higher voltage in order to achieve the driving currents necessary to produce high-output light intensity [ Fig. 2(a) ]. It is possible to drive the GaN LEDs up to an order of magnitude greater in terms of the current density. We limited the current density to avoid potential problems with the bump bonds used to package the device. The optics (cornea, crystalline lens, and ocular media in the case of a retinal prosthesis) used to image the LED array onto the target neurons have a small numerical aperture (NA) and, hence, low light collection efficiency, typically around 1-2% [1] , [8] . Hence, an emitter radiance of 1-10 W/cm is needed for ChR2 neural stimulation with 1:1 imaging. Fortunately, the device can easily achieve 10 W/cm as shown in Fig. 2(b) at a drive voltage of 5.2 V and corresponding current density of 1400 A/cm . On the down side, high driving current reduces the efficiency of the LED due to an increase in nonradiative carrier recombination and leakage currents. In addition, continuous operation at high voltage and current densities can increase the junction temperature which also causes a reduction in the efficiency of the LED and a shift in the emission spectrum [23] . Three strategies have been adopted in the system to avoid this problem. First, due to the nature of neural stimulation, the device is used in pulsed rather than continuous illumination mode, typically 1-10 ms pulses at up to 40 Hz as described earlier. Second, the thermal impedance of the system is minimized, while taking into account the other design criteria (i.e., size, power consumption, etc.). Finally, if necessary, the system can limit the number of emitters simultaneously illuminated to maintain the junction temperature. The 3 3 square pattern shown in Fig. 2(c) was imaged using a 10:1 optical configuration. Each spot has an FWHM of 3.5 m and a 11.5 m center-to-center spacing. The on-sample illumination has a fill factor of 7%.
The interpixel variance in output-power intensity of active pixels is shown in Fig. 3(a) . With a drive current of 5 mA for all pixels, there is a 23% difference between the brightest and dimmest emitters. Since each emitter can be driven separately, the driving current and/or pulsewidth can be adjusted to ensure homogeneous illumination.
The external quantum efficiency (EQE), defined as the ratio of the output optical power to the input electrical power is shown in Fig. 3(b) for the new individually addressable array as well as the matrix addressed array and a commercial broad-area LED. The EQE of the new device is similar to our previously published, matrix addressed array. It is clear that compared with the efficiency of the commercial LED, there is significant scope for further improvement. All three devices exhibit the well-known "efficiency droop." Presently, there is considerable debate regarding an explanation for this phenomenon, which is beyond the scope of this paper.
One emitter was driven continuously at 5 mA for more than 10 000 s with no variation in the output light power, indicating that there was no significant increase in the junction temperature. The measurement of the output light power for more than 100 s is shown in Fig. 3(c) . The reference measurement, with the LED switched off, is also shown, demonstrating that the small variation in the output is due to noise in the photodetector circuit.
D. Emission Spectrum and Opsin Luminous Efficiency
The effect of any light source on the ChR2 channel depends not only on the intensity of the emitted light but also on the spectral composition of the light and the action spectrum of ChR2. The emission spectrum of the new micro-LEDs, measured at the Tyndall National Institute, is centered at 465 nm and has a 25-nm full width half maximum (FWHM). As shown in Fig. 3(d) , the emission spectrum of the new device overlaps with the action spectrum of ChR2 (taken from the paper by Grossman et al. [13] ). However, as the spectrum depends on the exact composition of the GaN wafer, future devices may have emission spectra different than the current devices. Furthermore, other optogenetic opsin channels with difference action spectra have been engineered to address some of the limitations of ChR2 [16] .
Hence, it is desirable to have a method for assessing the suitability of different light sources for particular opsins by devising quantitative photometric units equivalent to those defined in the joint ISO/CIE standard ISO 23539:2005(E)/CIE S 010/E:2004 [17] for human vision. In this standard, two spectral luminous efficiency functions-one for photopic vision and one for scotopic vision -are used to enable the determination of photometric quantities for all light sources regardless of spectral composition of the radiation emitted. The SI photometric unit, the candela, is defined as "the luminous intensity, in a given direction, of a source that emits monochromatic radiation of frequency hertz and that has a radiant intensity in that direction of 1/683 watt per steradian" [18] . The radiant intensity of a light source, measured in watts per steradian, is converted to the luminous intensity for photopic vision, in units of candelas, according to the equation (1) where is the spectral radiant intensity of the light. A similar equation can be defined for the luminous intensity of an opsin channel. The relative efficiency of the LED light source compared with an ideal light source that emits monochromatic light at the peak sensitivity of the target opsin is then given by (2) where is the action spectrum of the opsin channel. (2), the efficiency of the individually addressable micro-LED emitter illuminating a ChR2 channel has been calculated to be 88%. We define that an ideal light source with the minimum spiking radiance of 100 mW cm corresponds to 1 ChR2-lumen m . Hence, to produce a radiance of 1 ChR2-lumen m , the micro-LED emitter must have a radiant exitance of 114 mW cm .
E. Comparison With Other Devices
The effect of any light source on the ChR2 channel depends not only on the intensity that several micro-LED arrays targeted at microdisplay applications that have been developed over recent years. Some of the parameters of the micro-LED array presented in this paper are compared with other blue GaN micro-LED arrays in Table I . Fan et al. [26] have described the design of an individually addressable array. However, since there is no characterization data available, a comparison has been made with their passive matrix addressed device.
These initial data suggest that the individually addressable device is able to operate at the required output-power density at a lower voltage, partly perhaps because of the reduction in series resistance. Unfortunately, the operating voltage of the other individually addressable array device, by Zhang et al. [26] , at the target of 10 W/cm emitted light power density is unknown. Their system has been developed to produce nanosecond light pulses with high energy for the optical pumping of integrated organic semiconductor lasers, which is not ideal for optogenetic neural stimulation.
III. OPTOGENETIC NEURAL STIMULATION
A. Experimental Setup
In this experiment, the application of the new microLED device for optogenetic neural stimulation was validated by using a similar in vitro system to that described by Degenaar et al. [8] . The target cells were retinal ganglion cells (RGC). A schematic of the microscope setup is shown in Fig. 4 .
The light from the micro-LED device, mounted onto the control electronics board, was coupled into a port of a Nikon inverted microscope equipped with a LUMPlanFI 40x water immersion objective (Olympus). As described in an earlier publication [13] , the transverse magnification with this imaging configuration is 1/10. Image capture was done using the Nikon DS-Fi1 5-megapixel CCD controlled by NIS-elements software using a DS-U2 USB control unit.
B. ChR2 Expression Vectors
To ensure a strong neuronal expression of ChR2, the fusion protein ChR2-YFP (a gift from Karl Deisseroth) was subcloned into a plasmid containing a chick -actin promoter.
C. Cell Culture and Transfection
Primary dissociated cultures were obtained from rat retinas and were cultured following a method similar to that previously described by [15] . Briefly, eyes are quickly explanted from 2-to 20-day-old rats, rapidly washed in ethanol 70% to remove any stray fur and blood and placed in ice cold PBS. Two to 20 retinas are dissected under light microscopy in an aseptic condition accordingly to the number of cells required (typically 5 to 10 106 cells per retina are collected, more cells with younger animals). With fine tweezers and scissors, a cut is produced all around the cornea, the vitreous humour and the lens are lifted out, leaving the retina and the pigmented layer connected only by the optic nerve. Once this is cut, the retina can be delicately teased apart, collected by means of a plastic pipette and gently transferred to a 2-ml room temperature papain-based digestive solution. After 10-15 min, relative to the age of the animal, the digestive solution is washed three times with PBS, 1 ml of DNAase solution is added to the tissue, and the retinas are triturated through plastic pipette tips of decreasing size until no sign of tissue is visible. This suspension is slowly added to 3 ml of gradient mixture and centrifuged at 1200 r/min for 10 min at room temperature. At this stage, the pellet of mixed cells is ready culture medium after PBS removal and plated in poly-LLysine pretreated glass coverslips or microelectrode array (25 k-100 k cells per single 24 multiwell or MEA). If nucleofection ® is required, PBS is removed and 100 m of nucleofector ® solution is added per sample (4-5 106 cells), mixed with 1-3 g DNA of interest, and the cell-specific electroporation protocol is performed. Cells are then plated in 500 l prewarmed medium and incubated at 37 C in an atmosphere of 5% CO for 3 to 15 days prior to experimentation. Transfection is visible after 12 h up to 15 days.
D. Patch Clamp Recordings
Individual coverslips were placed in a recording chamber continuously perfused with room temperature HEPES buffered saline (HBS) containing in mM: 140 NaCl, 5 KCl, 10 HEPES, 10 D-glucose, 2.5 CaCl , 1 MgCl , 0.01 gabazine, 0.01 NBQX, and 0.025 APV (pH 7.35). We used a Nikon TE2000S inverted microscope equipped with a 40X air-phase contrast objective, a mercury light source, and appropriate filters for fluorescence imaging to localize and target fluorescent ChR2-expressing neurons. Patch pipettes, pulled from borosilicate glass (1.5 mm OD, 1.12 mm ID, 5-6 M ), were filled with a solution containing, in mM: 110 K-acetate, 20 NaCl, 20 KCl, 3 EGTA, 1 CaCl , 3 MgCl , (pH 7.4, pCa 7.0). Conventional, whole-cell patch-clamp recordings were obtained via an Axon Multiclamp 700B double-patch amplifier coupled to a Digidata 1440 A digitalizer and Clampex 10.2 acquisition software. Signals were sampled at intervals of 50 s (20 kHz) and were low-pass filtered using a four-pole Bessel filter at 3 kHz. The holding potential in voltage clamp mode was 65 mV, uncorrected for any liquid junction potential between our internal and external solutions.
RGCs were not the only ChR2 transfected cells in the mixed culture, but they are the only cells in the retina that produce trains of action potential upon stimulation [15] . After achievement of the whole cell configuration, in current clamp mode, 200-ms-lng pulses of current were injected in the cell from 30A to 120 to elicit trains of action potentials. Cells not producing action potentials or producing only one were considered not to be RGCs and were discarded for these experiments.
E. Results
In this experiment, the micro-LEDs were imaged onto a retinal ganglion cell (RGC) neuron transfected with ChR2. The response of the neuron to this light stimulation was recorded, simultaneously with the stimulation, using current clamp electrophysiology. The effectiveness of the micro-LEDs to produce precisely timed potentials was tested using a series of 500-ms pulses at 1-Hz frequency. Each pulse produced exactly one action potential as shown in Fig. 5(b) .
IV. DISCUSSION
In this paper, we described a new individually addressable micro-LED array for use in optogenetic neural stimulation applications. The active matrix control mechanism shows considerable advantages over our previous passive matrix device. In particular, the ability to drive individual LEDs at different pulsewidth modulations allows for intensity control, which is important in smoothing out fixed pattern variations in brightness.
In addition, as the entire time domain can be used in the pulsewidth, the emitter can be driven at a lower voltage where the external quantum efficiency is higher. This latter advantage highly important to our long-term objective of translating this technology to an optoelectronic form of retinal prosthesis, where power consumption will be a major factor. Furthermore, the independent control possible with each emitter means that the radiance is independent of the pattern displayed on the array. This is of particular importance for the study of neurons and neuronal networks, where the exact timing and light level must be known.
A major challenge remaining to scale up the resolution of this new array is the interconnection of potentially thousands of driver circuits to the micro-LEDs. One solution that can be used is flip-chip bump bonding with the LED die placed on top of a control circuit Si die. There are a small number of reports of the flip-chip bonding of LEDs to a CMOS integrated circuit (IC) [19] - [21] . These approaches are presently limited by the bumpbonding process. For example, a 120-m pitch was required for bump-bonding a 68 68 midwave infrared (MWIR) LED array onto the Si CMOS [21] . However, there is now great interest in the development of new 3-D interconnection and packaging technology, such as through silicon vias (TSV). Presently, these processes offer 50-m resolution [22] , but further scaling in the future may offer the possibility of higher resolution arrays with a pitch down to around 10 m.
